One-sentence summary: Identification and characterization of a putative Arabidopsis sphingolipid glycosyltranferase suggests that glycosylation of these crucial lipids affects cellulose content and plant defense signaling.
INTRODUCTION 4 5
Glycosylinositol phosphorylceramides (GIPCs, Figure 1 ) and glucosylceramides are the 6 major sphingolipid classes in the plasma membrane of plant cells. GIPCs have been estimated to 7 make up 64% of total sphingolipids, and therefore ~25% of the plasma membrane lipids in the 8 Arabidopsis (Arabidopsis thaliana) leaf (Markham and Jaworski, 2007) . Despite their 9 abundance, the functions of GIPCs in plants are not well understood, although they have been 10
proposed to participate in many important processes, including symbiosis (Perotto et al., 1995) , 11 pollen development (Rennie et al., 2014) , defense against pathogens (Mortimer et al., 2013; 12 Tartaglio et al., 2016) , and membrane organization and trafficking (Mongrand et al., 2004; Cacas 13 et al., 2016) . 14 15 GIPCs are found only in plants, fungi and some protozoa (Sperling and Heinz, 2003; 16 Sperling et al., 2005) . The enzymes involved in GIPC biosynthesis have been well-studied in the 17 yeast Saccharomyces cerevisiae (Zäuner et al., 2010; Markham et al., 2013) . The GIPC ceramide 18 backbone is synthesized in the endoplasmic reticulum (ER), starting with the condensation of 19 serine and palmitoyl-CoA by serine palmitoyltransferase to produce 3-ketosphinganine. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ketosphinganine is reduced to the long chain base (LCB) sphinganine (d18:0) by 3-21 ketosphinganine reductase. The sphinganine can be used directly or modified by hydroxylation 22 or desaturation for ceramide biosynthesis. The ceramide synthases in Arabidopsis have different 23 substrate preferences. Dihydroxyl LCBs are primarily acylated by ceramide synthase I (CSI) for 24 glucosylceramide biosynthesis. Trihydroxyl LCBs are primarily acylated with very long chain 25 fatty acyl-CoAs by ceramide synthase II (CSII) for both glucosylceramide and GIPC 26 biosynthesis (Markham et al., 2013) . For glucosylceramide biosynthesis, the glucosylation 27 occurs in the ER and is catalyzed by glucosylceramide synthase (Hillig et al., 2003) . For GIPC 28 biosynthesis, the ceramide is trafficked to the Golgi, where a phosphorylinositol headgroup is 29 added to form an inositol phosphorylceramide (IPC) by IPC synthase (IPCS) (Wang et al., 2008) . 30
The IPC core can then be glycosylated by various glycosyltransferases (GTs) to produce mature 31
GIPCs. The biosynthesis of IPCs is well-conserved between plants and fungi (Dunn et al., 2004) . 32 hydrolyzed with trifluoroacetic acid (TFA) to release non-cellulosic sugars, and the 247 monosaccharides were quantified by HPAEC-PAD ( Figure 7A , Supplemental Table 1,  248 Supplemental Data Set 3). Under our growth conditions, no statistically significant difference 249 was detected between the WT and any of the three gmt1 mutants in any of the tissue types 250 analyzed. 251 252 gmt1 has reduced cellulose content 253 We then further hydrolyzed the residual TFA insoluble fraction with sulfuric acid to 254 estimate the crystalline cellulose content ( Figure 7B , Table 3) . Surprisingly, all gmt1 mutants 255
showed a large decrease in cellulose contents for all three tissue types (~22% for leaves, ~31% 256 for callus and ~45% for stem). 257 To further investigate this reduced level of crystalline cellulose, 1D
13 C solid-state NMR 258 was used to further examine the cell wall structure differences between WT and gmt1-1 (Figure 259 The solid state NMR data also revealed a slight increase in the signal intensity in the 266 lignin aromatic region (110-155) ppm in gmt1 plants as compared to WT ( Figure 7A ). It should 267 be noted that the cross-polarization (CP) methods used here preferentially enhances signals from 268 rigid species such as cellulose, as opposed to the more mobile lignin signals (Dick-Perez et al., 269 2011) , so changes to the lignin are less evident. Therefore, we estimated the total lignin content 270 of stems of WT and gmt1 plants using the acetyl-bromide method (Foster et al., 2010) . The 271 lignin content of gmt1-1 was increased ~50% as compared to the WT (Table 3) , a phenotype that 272 has been reported for other cellulose mutants (Cano-Delgado et al., 2003) . It is interesting to note 273 that the reduced level of crystalline cellulose in stems is accompanied by increases in lignin, but 274 not by any compensatory changes to the matrix polysaccharides. 275 276 277 gmt1 has defective hypocotyl elongation 278
Reduced etiolated hypocotyl length is a common phenotype associated with defects in 279 cellulose biosynthesis (Persson et al., 2007; Harris et al., 2012) . Seedlings were germinated and 280 grown in the dark or light for 5 days, and hypocotyl length measured ( Figure 9A ). Whilst gmt1 281 showed a slight growth defect following 5 days in the light, there was a severe and significant 282 effect on hypocotyl elongation in the dark of ~50% reduction as compared to WT ( Figure 9B ). 283
284

DISCUSSION
285
A number of recent studies have now revealed that GIPCs are major components of the 286 plant plasma membrane, and that the nature of the glycan headgroup can vary by tissue and 287 species (Cacas et al., 2013; Buré et al., 2014; Tellier et al., 2014) . In this work, our goal was to 288 identify proteins involved in GIPC glycosylation. Since the only known GIPC glycosylation 289 mutants are either gametophytic lethal (iput1, a GIPC GlcAT, (Rennie et al., 2014) ) or dwarfed 290 with a constitutive defense response (gonst1, a GIPC-specific GDP-Man transporter (Mortimer et 291 al., 2013) ), we screened the literature for GT mutants with severe phenotypes. gmt1 (epc1) was 292 selected as a promising candidate for further investigation, as the reported growth phenotype was 293 reminiscent of gonst1. We now conclude that GMT1 is specifically involved in GIPC 294 glycosylation, and likely functions as a GIPC-specific ManT. 295
We obtained both previously published mutant alleles (gmt1-1 (Singh et al., 2005) , gmt1-296 2 (Bown et al., 2007) ), as well as a new null mutant allele (gmt1-3), and when grown side-by-297 side, all displayed the gonst1-like developmental morphology of short stature, early senescence, 298 poor survival on soil and poor seed set. Under our growth conditions, we did not detect the 299 previously reported phenotypes of defective cell-cell adhesion or changes to the non-cellulosic 300 cell wall fraction, although we could confirm the Golgi localization of the YFP-fusion protein. 301
When we isolated the GIPCs from gmt1, in all lines there was a specific loss of Hex-302
GlcA-IPC and Hex 2 -GlcA-IPC, with the gmt1 GIPC headgroups consisting almost entirely of 303 GlcA-IPC. This biochemical phenotype was very similar to that reported for gonst1, although the 304 proportion of Hex-GlcA-IPC loss was higher in gmt1. Since MS is used for the headgroup 305 analysis, the identity of the hexoses terminal to the GlcA cannot be determined from this data. 306
However, monosaccharide analysis of the sphingolipid enriched fraction of gmt1 showed a 307 significant decrease in Man compared to WT. The levels of other monosaccharides were also 308 reduced in the gmt1 mutant, including galactose, which has the same mass as Man. It has been 309 demonstrated previously that the first hexose linked to the GlcA is likely Man (Mortimer et al., 310 2013) , and therefore we propose that these changes are due to the loss of sugars that are terminal 311 to the Man, such as those reported previously (Cacas et al., 2013; Buré et al., 2014) , and it is 312 expected that not all have been reported. Alternatively, they could derive from non-GIPCs in the 313 analyzed fraction. The sugar composition of the enriched GIPC fraction from callus also revealed 314 the presence of large and variable amount of glucose. The GIPC fraction isolated from WT BY2 315 cells also contained a very high level of glucose, although no Hex-GlcA-IPC was detected. Thus, 316
we propose that the glucose is derived from unknown molecule(s) other than the GIPC 317 headgroup. We were unable to determine the source of this glucose, but our current hypothesis is 318 that it may come from certain unknown molecules that bound to the GIPCs during the 319 enrichment process. 320
Enzymatic cleavage of the phosphate group would release the glycan headgroup from the 321 ceramide, enabling the use of standard glycobiology methods to study the range of GIPC 322 headgroups. Although it has been reported that Brassicacea extracts (from cabbage and 323 Arabidopsis) have GIPC-specific phosphatase activity (Tanaka et al., 2013) , as yet the gene 324 encoding the enzyme responsible has not been cloned. Identification of this enzyme will be very 325 beneficial for GIPC research, enabling NMR characterization of the released glycan. 326
Since loss of activity in a mutant is not sufficient to infer enzyme activity, we took 327 several approaches to test enzyme activity in a heterologous system. First, we used a yeast 328 system we had previously developed, in which the yeast synthesizes the proposed GMT1 329 substrate GlcA-IPC (Rennie et al., 2014) . When GMT1 was expressed in this yeast strain, we 330 could detect a Hex-GlcA-IPC form of this substrate, although the amount was relatively small. 331
The reasons for the poor hexosylation of the GlcA_IPC are unknown, but it could be that the 332 product is toxic to the cell, that there is not enough of the substrate available, or that the plant 333 proteins show poor activity in yeast. Therefore, we took a second approach using a plant system. 334 Tobacco BY2 cells do not produce a Hex-GlcA-IPC. Instead GlcN(Ac) is linked to GlcA-IPC 335 (Buré et al., 2011) . This means that in the tobacco cells, there is native production of the 336 proposed GMT1 substrate, prior to its glycosylation by the unknown tobacco GlcN(Ac) 337 transferase. Expression of Arabidopsis GMT1 (but not a second member of the Arabidopsis 338 GT64 family) resulted in the production of Arabidopsis-like Hex-GlcA-IPCs. Sugar composition 339 13 analysis of these lines revealed a significant increase in Man. It should be noted that we did not 340 detect a significant increase in Ara or other sugars. Whilst large amounts of glucose were 341 measured in the GMT1 overexpressing lines, it was also present in the untransformed BY2 lines, 342
where Hex-GlcA-IPCs were not detected. There was an increase in total GIPC content in both 343 gmt1 Arabidopsis plants and GMT1-overexpressing BY2 lines as compared to WT, while a 344 reduced GIPC content was measured in the iput1 mutant (Tartaglio et al., 2016) . These results 345 suggest that modification of GIPC headgroups might cause changes to GIPC accumulation. The 346 reason is unknown, but may be due to feedback mechanisms which detect the abnormal GIPCs. 347
Our attempts to demonstrate GMT1 in vitro activity using recombinant GMT1 protein 348 expressed in E. coli have thus far been unsuccessful. Plant glycosyltransferases are notoriously 349 difficult to demonstrate in vitro activity for, for many proposed reasons including unknown co-350 factors and poor protein stability when heterologously expressed (Scheible and Pauly, 2004; 351 Bencúr et al., 2005) ). However, we believe that the heterologous expression of GMT1 in both 352 yeast and tobacco, as well as the mutant characterization, allows us to conclude that the most 353 likely function of GMT1 is as a GIPC-specific ManT. 354 These data, along with the previously reported work on IPUT1 (Rennie et al., 2014; 355 Tartaglio et al., 2016) and GONST1 (Mortimer et al., 2013) , confirm that GIPCs are, as in yeast, 356 glycosylated in the Golgi, and that the biosynthetic pathway is somehow distinct from other 357 glycosylation processes in the Golgi that use the same substrates, supporting a substrate 358 channeling hypothesis. However, these data do not reveal the function of the GIPC headgroup. 359
For this reason, we further investigated the phenotype of the gmt1 plants. Previously, it has been 360 shown that both gonst1 (Mortimer et al., 2013) , pollen-rescued iput1 (Tartaglio et al., 2016) and 361 erh1 (inositol phosphorylceramide synthase1 (ipcs2) expressing RPW8 (a resistance gene)) 362 (Wang et al., 2008) display constitutive SA accumulation, hypersensitive lesion formation and 363 stunted growth, which we now report for the gmt1 mutant. The constitutive production of this 364 defense hormone is likely upstream of the excessive production of reactive oxygen species (here 365 we measured the most stable species, H 2 O 2 ), which leads to the cell death and senescence 366 phenotype visible from the seedling stage. We therefore conclude that misglycosylation of 367
GIPCs specifically induces a constitutive defense response. However, the signaling cascade 368 leading to this induction remains unknown, and is something we are continuing to investigate. 369
14
The degree of GIPC headgroup alteration is linked to the severity of the phenotypes 370 observed. Complete loss of IPUT1, resulting in only an IPC core as the dominant GIPC, is a 371 lethal mutation (Rennie et al., 2012) , and affects pollen tube guidance (Tartaglio et al., 2016) , 372 whereas both gonst1 (Mortimer et al., 2013) and gmt1, which have GlcA-IPC as the dominant 373 GIPC, have viable pollen. It should be noted that the pollen quality of these plants has not yet 374 been explored. Seed yield is certainly lower than the wild type, but this could also be due to the 375 poor overall health of the parent plants. 376
One unexpected finding from this study was the reduced quantity of cellulose in the gmt1 377 mutant, and a concomitant increase in lignin. Cellulose is synthesized at the plasma membrane 378 by the cellulose synthase (CESA) complex (CSC). This rosette of proteins takes UDP-Glc as a 379 substrate from the cytosol and extrudes glucan chains to the exterior of the cell, which then 380 assembles into the crystalline microfibril. The CSC is associated with a large number of other 381
proteins. For example, cytosolic proteins, such as KORRIGAN and CSI1, directly interact with 382 the CESA complex and affect the direction and velocity of the CSC (McFarlane et al., 2014) . 383 Extracellular proteins, including glycosylphosphatidylinositol (GPI) anchored proteins CTL1 and 384 COBRA, also affect CSC motility. GPI anchored proteins are enriched in detergent-resistant 385 membrane fractions (DRMs) (Borner et al., 2003) , which are enriched in sphingolipids 386 (including GIPCs) and sterols (Cacas et al., 2016) . Whilst CSCs have not been found in DRM 387 fractions, the sterol environment has previously been implicated in CSC function, since several 388 sterol mutants are disrupted in cellulose biosynthesis, and like gmt1, no other changes to the cell 389 wall were reported (Schrick et al., 2004) . As expected, mutants in the biosynthesis of 390 sphingolipids are lethal, and although RNAi lines have been made, these were not analyzed for 391 cellulose content ( e.g., Chen et al., 2006; Dietrich et al., 2008) , something that may now be 392 worth revisiting. The mechanism for how GIPCs may affect cellulose content is not clear. It is 393 possible that the glycan headgroup assists in ordering proteins within lipid "microdomains" 394 (Simons and Sampaio, 2011) . It is also possible that the CSCs or associated proteins could 395 interact with the GIPC headgroups, impeding their movement through the plasma membrane. 396
Research trying to understand the constraints on movement of proteins within the plasma 397 membrane has shown that the interactions of the protein with the cell wall are critical (Martinière 398 et al., 2012) . In the future, we will use fluorescently tagged CESA proteins to try to understand 399 whether the insertion rate, velocity or residence time of the CESA rosettes are affected in the 400 gmt1 plants, in order to try to test these hypotheses. 401
The recent identification of multiple mutants in GIPC glycosylation processes with 402 severe but related phenotypes supports a critical role for GIPC headgroups in plant (http://evolution.genetics.washington.edu/phylip.html, (Felenstein, 2005) ). Specifically, the 413 alignment was first resampled using seqboot (2000 replicates, otherwise default settings), 414 followed by proml (maximum likelihood without a molecular clock) using an outgroup root 415 (GUX1) and the not-rough analysis. Consense was used to build a rooted tree, which was 416 visualized using drawgram. Arabidopsis GUX1 was chosen as an outgroup, since it is also a 417 single transmembrane, Golgi-localized GT (Family 8; Mortimer et al., 2010) . 418
Plant Material and Growth Conditions: Arabidopsis thaliana seeds were surface 419 sterilized and sown on solid medium containing 0.5x Murashige and Skoog salts including 420 vitamins and 1% (w/v) sucrose. Following stratification (48 h, 4°C, in the dark), plates were 421 transferred to a growth room (22°C, 100-200 µmol m -2 s -1 , 14 h light/10 h dark, 60% humidity). 422 After 2 to 3 weeks, plants were transferred to Magenta boxes under the same conditions. Liquid 423 callus cultures were derived from Arabidopsis roots and maintained as described previously 424 (Prime et al., 2000) . All experiments were performed on at least three independently grown 425 biological replicates unless otherwise stated. 426
Mutant Identification: Seeds of T-DNA mutants in At3g55830 were obtained from the 427 ABRC (gmt1-1 (SAIL_A11_68, as described by (Singh et al., 2005) ) and gmt1-3, 428 SAIL_303_A11) and a kind donation from Prof. Steven Jackson, University of Warwick (gmt1-429 2, (Bown et al., 2007) ). Plants homozygous for the T-DNA insertion were identified by PCR 430 (Phire Plant Direct PCR kit, Finnzymes, Finland), and transcriptional knockouts were identified 431 by RT-PCR. Total RNA was extracted from WT and mutant plants using the RNeasy Plant Mini 432 Kit (Qiagen, Valencia, CA). RNA was first treated with DNase I (Qiagen,) and first-strand 433 cDNA synthesis was performed using the SuperScript II RT (Life Technologies, NY, USA). 434 ACTIN7 was used as an internal control. All primers used in this study are listed in Supplemental 435 Table 2 . equipped with a CarboPac PA20 (3 mm ×150 mm, Thermo Fisher Scientific) analytical anion 457 exchange column, PA20 guard column (3 mm × 30 mm), borate trap and a pulsed amperometric 458 detector (PAD). In order to achieve full separation of all the major plant cell wall 459 monosaccharides, we used a method modified from Mortimer et al., 2013 . Following a 5 min 460 equilibration, the samples were eluted using an isocratic gradient of 4 mM NaOH from 0 -6 min, 461 followed by a linear gradient of 4 mM NAOH to 1 mM NaOH from 6 -19 min. At 19.1 min, the 462 gradient was increased to 450 mM NaOH to elute the acidic sugars. 463
Determination of Acetyl Bromide Soluble Lignin: Lignin content was estimated from 464 6-week old stem samples by the acetyl bromide method, with slight modification (Foster et al., 465 2010) . Five (5) mg of finely ground freeze-dried stem was thoroughly exacted with ethanol/ 466 toluene (1:1) until the extracts no longer absorbed UV light at 280 nm. The dried samples were 467 placed into loosely capped glass tubes containing 1 mL of acetyl bromide/ acetic acid (1:3) and 468 incubated at 70°C for 30 min. The sample was then cooled in an ice bath and then mixed with 469 0.9 mL of 2 M NaOH, 5 mL glacial acetic acid, and 0.1 mL 7.5 M hydroxylamine hydrochloride. 470
The final volume was adjusted to 10 mL with glacial acetic acid and the absorbance measured at 471 280 nm using a SpectraMax M2 spectrometer (Molecular Devices). A blank control was used to 472 correct for background absorbance. The amount of acetyl bromide soluble lignin was calculated 473 according to the formula described in Foster et al., (2010) . The coefficient used for Arabidopsis 474 was 15.69. 37°C and centrifuged for 1 min at 800 x g to separate the organic and aqueous phases (Kaul and 485 Lester, 1975; Rennie et al., 2014) . The top aqueous phase was collected, cooled to -20°C and 486 then centrifuged again. The bottom phase was collected as the crude GIPC fraction and dried 487 under a N 2 stream. The enrichment of GIPCs from the polar lipid fraction in the bottom phase 488 was performed using a weak anion exchange SPE cartridge (Strata X-AW; Phenomenex) as 489 described in Mortimer et al., (2013) profiling by LC-MS/MS as described previously (Nagano et al., 2014) . GIPCs were quantified 501 according to Ishikawa et al., (2016) . 502
Cloning of Yeast Expression Vectors:
The cloning and construction of yeast expression 503 vectors was described previously (Rennie et al., 2014) . Expression of UGD2 and GMT1 was 504 accomplished using the yeast shuttle vector pDRf1-GW-PHXT7 described in Eudes et al., (2011) . 505
The UGD2 coding sequence was inserted into the Gateway site of this vector. The GMT1 coding 506 sequence was amplified from the Arabidopsis GT clone collection (Lao et al., 2014) with primers 507 including a C-terminus HA tag sequence and was cloned into the multiple cloning site of the 508 second yeast expression cassette in this vector using the NotI restriction site. Finally, the PHXT7 509 promoter in this cassette was replaced with PTEF1 using SacI and XmaI restriction sites in order 510 to ensure that expression of GMT1 was similar to that of the other heterologous genes. The three 511 vectors were co-transformed into yeast strain BY4742 using the Frozen-EZ Yeast 512
Transformation II Kit™ (Zymo Research, Irvine, CA, USA) and plated on appropriate selective 513 media. Yeast proteins were extracted and prepared for immunoblotting as in Rennie et al., (2014) . 514
Protein blots were probed with a 1:1000 dilution of rat monoclonal anti-HA antibody (Sigma-515 Aldrich) followed by a 1:15,000 dilution of goat anti-rat IgG conjugated to horseradish 516 peroxidase (Sigma-Aldrich). The transformed yeast strain was grown for 72 h in the selective 517 medium for GIPC analysis. The yeast cells were subjected to lipid profiling by LC-MS/MS as 518 described previously (Nagano et al., 2014) . 519
Transformation of BY2 Cells: The coding sequences of GMT1 (At3g55830) and 520 At5g04500 were cloned into pDONR207 (Invitrogen) and transferred to pH2GW7 (Karimi et al., 521 2002) . Agrobacterium-mediated transformation of BY2 cells were performed as described 522 previously (Kawai-Yamada et al., 2004) . Hygromycin-resistant cells were collected for lipid 523 analysis and RT-PCR. NtPP2A was used as a stable control gene (Schmidt and Delaney, 2010) . 524
The sugars and lipids of GIPC from BY2 cells were quantified as described above. 525
Histochemical Detection of H 2 O 2 : Detection of H 2 O 2 was performed by endogenous 526
peroxidase-dependent histochemical staining using 3,3-diaminobenzidine (DAB) a described in 527 Mortimer et al., (2013) . Leaves of 15-day-old agar grown plants were submerged in 1 mL buffer 528 (100 mM HEPES-KOH, pH 6.8) or 1 mg mL -1 DAB in buffer. After 4 min of vacuum infiltration, 529 leaves were incubated at 22°C under a light intensity of 100-200 µmol m -2 s -1 for 6 h period. 530
Leaves were cleared for 30 min in 96% (v/v) ethanol solution at 70°C and examined using a light 531 microscope. 532
Quantitation of Total Leaf SA: For total SA determination, 500 mg leaves were frozen 533 and ground in liquid nitrogen. The powder obtained was mixed with 1 mL 80% (v/v) methanol 534 and mixed for 15 min at 70°C. This step was repeated four times. Pooled extracts were 535 centrifuged and filtered through Amicon Ultra centrifugal filters (10,000 Da MW cutoff, EMD 536
Millipore, Billerica, MA). Conjugated SA in the filtered extracts was dried and hydrolyzed in 1 537 N HCl at 95 °C for 3 h. The mixture was subjected to three ethyl acetate partitioning steps. Ethyl 538 acetate fractions were pooled, dried in vacuo, and resuspended in 50% (v/v) methanol. SA was 539 quantified using HPLC-electrospray ionization (ESI)-time-of-flight (TOF) MS. The detailed 540 running condition were previously described (Eudes et al., 2013) . 541 the various sugar headgroup structures described in this article. It should be noted that although 597 the final hexose is shown here as α-1,4-glucose, its identity is as yet unknown. The LCB 598 nomenclature of t18:1 indicates that it is a trihydoxyl LCB (i.e., it has 3 hydroxyl groups), a 599 single double bond and 18 carbon atoms. An LCB with only 2 hydroxyl groups (dihydroxy LCB) 600 would be referred to as d18:1. 601 (NtPP2A). It should be noted that for clarity, the tobacco headgroup structure is shown as 630 HexN(Ac), but it has been demonstrated to be GlcN(Ac) (Kaul and Lester, 1975; Hsieh et al., 631 1978 ). 632 13 C 643 magic-angle-spinning solid-state NMR spectra of WT (black) and gmt1-1 (red) stems. As 644 previously described (Zhang et al., 2016) , the signal intensity was normalized to the aliphatic 645 protein region (35-25 ppm) Cacas, J.-L., Buré, C., Grosjean, K., Gerbeau-Pissot, P., Lherminier, J., Rombouts, Y., 699
Expression of GMT1 in
Maes, E., Bossard, C., Gronnier, J., Furt, F., Fouillen, L., Germain, V., Bayer, E., 700 Cluzet, S., Robert, F., Schmitter, J.-M., Deleu, M., Lins, L., Simon-Plas, F., and 701 Figure 1 . Example GIPC structure, including the nomenclature used in this manuscript. The most abundant GIPC in Arabidopsis callus, t18:1/h24:1, is shown here, with the various sugar headgroup structures described in this article. It should be noted that although the final hexose is shown here as α-1,4-glucose, its identity is as yet unknown. The LCB nomenclature of t18:1 indicates that it is a trihydoxyl LCB (i.e., it has 3 hydroxyl groups), a single double bond and 18 carbon atoms. An LCB with only 2 hydroxyl groups (dihydroxy LCB) would be referred to as d18:1. The proposed mechanism for the production of Hex-GlcA-IPCs in BY2 cells expressing Arabidopsis GMT1. (B) Arabidopsis GMT1 was expressed in tobacco BY2 cells under the control of the CaMV 35S promoter. GIPCs were isolated and characterized by LC-MS and the data grouped by GIPC headgroup composition. A second member of the Arabidopsis GT64 family, At5g04500 was also transformed into BY2 cells as a control. Three independently transformed lines were analyzed for each transgene, n = 3, ± SD. RT-PCR showing expression of (C) GMT1 and (D) At5G04500, along with a control gene, NtPROTEIN PHOSPHATASE2A (NtPP2A). 13 C magic-angle-spinning solid-state NMR spectra of WT (black) and gmt1-1 (red) stems. As previously described (Zhang et al., 2016) , the signal intensity was normalized to the aliphatic protein region (35-25 ppm) with the assumption that the gmt1-1 mutant does not show significant changes to proteins or waxes. (B) The subtraction spectrum (WT -gmt1-1) reveals specific decreases in the cellulose carbons in gmt1-1. Cn refers to the carbons in the cellulosic glucose, where C1 is the anomeric C. 
